Although the mechanical behavior of carbon nanotubes has been studied extensively in recent years, very few experimental results exist on the shell buckling of nanotubes, despite its fundamental importance in nanotube mechanics and applications. Here we report an experimental technique in which individual multiwalled carbon nanotubes were axially compressed using a nanoindenter and the critical shell-buckling load was measured. The results are compared with predictions of existing continuum theories, which model multiwalled carbon nanotubes as a collection of single-walled shells, interacting through van der Waals forces. The theoretical models significantly underpredict the experimental buckling load.
Since carbon nanotubes are slender, thin-walled structures, they are highly susceptible to buckling when loaded in axial compression, which results in a sudden drop in the load they can support, often leading to fracture. Although prior studies have been successful in manipulating individual nanotubes to induce tension, 1 bending, 2 and vibration, 3 compression experiments have been hindered by the difficulty of achieving properly aligned axial loading on such small structures. It is important to be able to predict the onset of buckling for many nanotube applications such as scanning probe tips 4, 5 and nanotube fiber-polymer composites. 6 When the nanotubes are long ͑L / d ϳ 100, where L and d are the length and diameter, respectively͒, axial compression results in "Euler" or "column" buckling. When they are short ͑L / d ϳ 1-20͒, they are expected to undergo "shell" buckling, a common failure mode displayed by thin cylindrical shells. Although both types of nanotube buckling have been studied computationally, [7] [8] [9] there exists only one experimental study of "Euler" buckling of nanotubes, 10 in which complex nanomanipulation stages, combined with in situ scanning electron microscopy ͑SEM͒, have been used to compress and observe long nanotubes. In that study, the deformation of nanotubes being compressed could not be characterized, and the emphasis was placed on the nanomanipulation technique rather than a systematic study of the mechanics of buckling. Experimental studies of shell buckling in nanotubes have been nonexistent.
We report an experimental method to study shell buckling in individual, well-characterized multiwalled carbon nanotubes, using nanoindentation. The multiwalled carbon nanotubes used in our experiments were fabricated by the alumina template growth technique developed by Li et al. 11 This method results in highly ordered and vertically aligned arrays of nanotubes of equal height, embedded in an alumina matrix. To generate a template for nanotube growth, a high purity aluminum foil is anodized in a multistep process to create an alumina film with a self-organized hexagonal array of vertical nanopores. A cobalt catalyst is then electrodeposited at the bottom of the nanopores, followed by acetylene pyrolysis, which results in the growth of multiwalled carbon nanotubes along the length of the pores. This process results in highly ordered arrays of uniform nanotubes, the diameter of which can be controlled by changing the nanopore size between 20 and 200 nm. The wall thickness of the nanotubes was determined from transmission electron microscopy images ͓Fig. 1͑a͔͒ and the thickness of 5 nm corresponds to approximately 15 walls, assuming an interwall spacing of 0.34 nm. The nanotubes used in this study had a 50 nm outer diameter, 40 nm inner diameter, and were spaced at 100 nm, as shown in Fig. 1͑b͒ . A forest of vertically standing, aligned nanotubes is then obtained by etching the alumina matrix by any desired depth. In our experiments, two sets of samples were made on which the exposed heights of the nanotubes were either 100 or 50 nm. These relatively short lengths ensure that compressive loading will cause shell rather than column buckling in the nanotubes. The advantages of using such samples in our experiments are that the need to manipulate individual nanotubes during testing is eliminated and that the setup facilitates easy vertical alignment with the nanoindenter. Thus, these samples are ideally suited for axial compression experiments.
a͒ Author to whom correspondence should be addressed. Electronic mail: Pradeep_Guduru@Brown.edu We made use of the extremely fine force and displacement resolution ͑ϳ300 nN and ϳ1 nm, respectively͒ available in a commercial nanoindenter ͑TriboIndenter, Hysitron, Minneapolis, MN͒ in order to apply controlled compression load on individual nanotubes. A Berkovich three-sided pyramidal tip was used in the current investigation, with a nominal tip radius of 100 nm. The experimental details of a single nanotube compression event are schematically illustrated in Figs. 2͑a͒ and 2͑b͒. During the experiment, individual nanotubes on the sample are located through in situ scanning to generate topography maps of the sample surface with the indenter tip, similar to atomic force microscopy ͑AFM͒. Since the Berkovich indenter tip is not as sharp as a typical AFM tip, the image resolution is of slightly lesser quality. However, the resolution is sufficient to locate the nanotubes unambiguously ͓Fig. 2͑c͔͒. The scan area is typically 0.5 m ϫ 0.5 m. After an image is obtained, the indenter tip is instructed to compress an individual nanotube either in displacement control or the load control mode. During compression, force and tip displacement are recorded. Immediately after a nanotube is indented, the same 0.5 m ϫ 0.5 m area of the surface is imaged again to verify that the indentation was performed on the targeted nanotube, and not between nanotubes. An image taken after a successful indent is shown in Fig. 2͑c͒ , which shows the location of the buckled nanotube as a dark triangle in the hexagonal array of nanotubes; the neighboring nanotubes remain standing.
The load-displacement curves obtained in three sets of experiments are shown in Fig. 3 , in which each plot represents a loading-unloading cycle. The loading portion consists of three stages: an initial linear increase, followed by a sudden drop in the slope and the curve becoming flat, and a third stage comprising an increasing load. The sudden decrease in the slope is the signature of shell buckling, which indicates the collapse process illustrated in Fig. 2͑b͒ . The critical buckling load has been consistently measured to be between 2 and 2.5 N from multiple experiments. After buckling, neighboring nanotubes come into contact with the indenter tip, which results in an increase in load, as seen in Fig. 3 in the third stage. In each plot, the position of zero displacement corresponds to a nonzero load because a small preload was used to detect the location of the sample surface.
In a recent experimental study, Waters et al. 12 used a 2 m diameter flat diamond punch to compress a population of about 360 nanotubes and recorded the load-displacement curves. From those experiments, the buckling load was estimated to be 2.26-2.63 N for the population. However, in those experiments, there was no way to ensure parallelism between the flat punch and the sample surface. As a result, the accuracy of the estimated buckling load in those experiments was not clear. The unambiguous measurements made on a single nanotube in the current study are close to those measurements, from which one can conclude that despite the design flaw, the earlier experiments captured surprisingly quite accurately the average response of hundreds of nanotubes.
Since the present indentation technique compresses an individual nanotube, it is extremely difficult to image the buckled nanotube in a scanning electron microscope because it is practically impossible to locate it in a forest of millions of nanotubes. In order to image the buckled nanotubes, we used a 10 m radius spherical indenter to buckle a large number of nanotubes, as illustrated in Fig. 4͑a͒ . Here, the indenting surface is practically flat and all the nanotubes located near the center of the indent undergo shell buckling. The indent ͓Fig. 4͑b͔͒ is then easily located in the SEM and an image of the buckled nanotubes is shown in Fig. 4͑c͒ . The buckled nanotubes have undergone distortion of the cross section and the walls are severely distorted and wrinkled, consistent with shell buckling modes observed in macroscopic elastic cylindrical shells. 13 These experiments clearly demonstrate that the high force and displacement resolutions available with commercial nanoindentation equipment can be exploited to perform nanoscale mechanical tests on individual multiwalled nanotubes and obtain repeatable data. The measured critical buckling loads can be compared to predic- tions of elastic shell theories. It must be noted that the current experimental data does not provide an independent measurement of the critical buckling strain of the nanotubes, because of substrate and indenter compliance. 12 However, the additional compliance does not affect the measured buckling loads; and hence only buckling loads are compared in the following analysis.
For a thin-walled isotropic shell, the critical buckling stress and strain from continuum theory are given by
where E is the elastic modulus, R the shell radius, h the shell thickness, and the Poisson ratio of the material. Unlike the length-dependent column buckling, this shell buckling result is independent of shell length. Also, the critical axial buckling load f cr is independent of shell radius:
Thus, if the single-walled nanotubes behave like cylindrical elastic shells, then shell theory predicts that all single-walled carbon nanotubes will have the same critical shell buckling load. The appropriate values for elastic constants and wall thicknesses of single carbon nanotubes for use in shell theory were first determined by Yakobson et al., 8 who showed that the predictions of elastic shell theory match closely with results of atomistic buckling simulations if the values of E, h, and are taken to be 5.5 TPa, 0.066 nm, and 0.19, respectively. In the present case, however, the nanotubes are multiwalled. In order to interpret the experimental results, shell theories for multiwalled carbon nanotubes must be used, which are not yet fully developed. The neighboring walls of a multiwalled nanotube are coupled through van der Waals interactions, which must be considered in any modified shell theory. As a first approximation, one can ignore the van der Waals force and assume that the walls are noninteracting. Then all walls buckle at the strain predicted by the shell theory for a single-walled nanotube. In this case, buckling would initiate in the outermost shell, as it has the largest radius-to-thickness ratio and thus the lowest critical buckling strain from Eq. ͑2͒. Using the outer radius of the multiwalled carbon nanotubes ͑25 nm͒ and the elasticity parameters of Yakobson et al., 8 the predicted critical buckling load is 1.2 N. Thus, the noninteracting shell model predicts a critical buckling load, which is only about one-half the experimental value.
A more sophisticated model was developed by Ru 9 to account for the effect of van der Waals interactions between neighboring walls. If the nanotube wall thickness is small compared to its radius, this model predicts that the critical buckling strain is the same as that of a single-walled nanotube with a radius equal to the average radius of a multiwalled nanotube. Applying this theory, the critical buckling load for the nanotubes used in our experiments can be calculated to be 1.34 N, which is still 40% smaller than the observed value. The significant discrepancy between the predictions of the existing elastic theories and the experimental observations highlights the lack of a complete understanding of the stiffening role played by the inner walls in multiwalled nanotube mechanics. There are several possible reasons for this discrepancy. For example, the electrons of the graphitic inner walls, which are responsible for nanotube conductivity, are an additional source of coupling between neighboring walls and are not accounted for in Ru's theory. 9 Also, the theory does not include the shear resistance between the neighboring walls during buckling. In addition, its assumption that all walls undergo a conformal buckling mode by preserving the interwall distance may not be valid, without inducing significant hoop stresses in the walls. These issues require further investigation by means of molecular dynamics simulations as well as more refined elastic buckling theories that account for additional physics.
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